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Abstract. Integrated Water vapour (IWV) has been mea-
sured since 1994 by the TROWARA microwave radiome-
ter in Bern, Switzerland. Homogenization techniques were
used to identify and correct step changes in IWV related to
instrument problems. IWV from radiosonde, GPS and sun
photometer (SPM) was used in the homogenisation process
as well as partial IWV columns between valley and moun-
tain weather stations. The average IWV of the homogenised
TROWARA time series was 14.4 mm over the 1996–2007
period, with maximum and minimum monthly average val-
ues of 22.4 mm and 8 mm occurring in August and Jan-
uary, respectively. A weak diurnal cycle in TROWARA
IWV was detected with an amplitude of 0.32 mm, a maxi-
mum at 21:00 UT and a minimum at 11:00 UT. For 1996–
2007, TROWARA trends were compared with those calcu-
lated from the Payerne radiosonde and the closest ECMWF
grid point to Bern. Using least squares analysis, the
IWV time series of radiosondes at Payerne, ECMWF, and
TROWARA showed consistent positive trends from 1996
to 2007. The radiosondes measured an IWV trend of
0.45±0.29%/y, the TROWARA radiometer observed a trend
of 0.39±0.44%/y, and ECMWF operational analysis gave a
trend of 0.25±0.34%/y. Since IWV has a strong and variable
annual cycle, a seasonal trend analysis (Mann-Kendall anal-
ysis) was also performed. The seasonal trends are stronger
by a factor 10 or so compared to the full year trends above.
The positive IWV trends of the summer months are partly
compensated by the negative trends of the winter months.
The strong seasonal trends of IWV on regional scale under-
line the necessity of long-term monitoring of IWV for detec-
tion,understanding, and forecast of climate change effects in
the Alpine region.

Correspondence to:C. Mätzler
(matzler@iap.unibe.ch)

1 Introduction

Water vapour is the strongest natural greenhouse gas. Un-
der the assumption of constant relative humidity, the Clau-
sius Clapeyron equation predicts a water vapour increase of
6% per degree Kelvin increase in atmospheric temperature.
Model simulations have shown that the water vapour feed-
back effect amplifies the temperature increase due to rising
greenhouse gas concentrations (e.g. Hall and Manabe, 1999).

Ross and Elliott (1996) analyzed surface to 500 mb Inte-
grated Water Vapour (IWV) calculated from North Ameri-
can radiosonde data. Significant increases of 0.3 to 0.7%/y
were observed over a large part of North America for the
1975 to 1995 period. However, a similar study carried out for
the whole of the Northern Hemisphere for the 1973 to 1995
period (Ross and Elliott, 2001), showed that the radiosonde
IWV trends for Europe were smaller, often negative and not
significant at the 95% level.

Nilsson and Elgered (2008) studied IWV data from 33
Swedish and Finnish Global Positioning System (GPS) sta-
tions from 1996–2006. Trends lay between−0.05 and
+0.1 mm/y (−0.14 and +0.75%/y) with errors of around
0.04 mm/y. The IWV increase was larger in summer than
in winter, when negative trends were frequently observed.

Trenberth et al. (2005) examined the European Cen-
tre for Medium-Range Weather Forecasts (ECMWF) 40-
year reanalysis (ERA-40) data for the 1988 to 2003 pe-
riod and found no significant trends over Europe. How-
ever, a global average trend of 0.04±0.009 mm/y, equivalent
to 0.13±0.03 %/y, was calculated for the same period using
Special Sensor Microwave Imager (SSM/I) satellite observa-
tions over the oceans. Morland et al. (2006) compared IWV
of ERA-40 with GPS station data at Jungfraujoch (3584 m
above sea level, a.s.l., Switzerland) and found a high correla-
tion (r2>0.9) between both data sets.

Ground based microwave radiometers make accurate mea-
surements of water vapour at a high temporal resolution (one
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minute or less). They also offer an independent source of
atmospheric information from both radiosonde and analy-
sis data. However, there are few long term datasets. Water
vapour observations from microwave radiometers and other
instruments have been collected by the US Atmospheric Ra-
diation Program (ARM) since the mid 1990s (Revercomb et
al., 2003). A radiometer based in Onsala, Sweden has been
operating on a campaign basis since 1980 and on a contin-
ual basis since 1993. By combining the radiometer data with
other datasets, Haas et al. (2003) estimated an IWV trend of
0.17±0.01 mm/y from 1980 to 2002.

This paper presents IWV measured by the TROWARA
microwave radiometer in Bern, Switzerland for 1994–2007.
The TROWARA instrument is explained in Sect. 2 as well as
other instruments and datasets which are used for the IWV
trend study. Section 3 describes the homogenization of the
radiometer data. Section 4 compares the TROWARA 1996
to 2007 monthly and diurnal climatology with other instru-
ments. In Sect. 5, IWV trends calculated from the homoge-
nized TROWARA dataset are compared with those obtained
from radiosonde and ECMWF data.

2 Data sources

2.1 TROWARA

The TROpospheric WAter RAdiometer (TROWARA) is lo-
cated at (46.95◦ N, 7.44◦ E, 575 m a.s.l.) and measures water
vapour at a 2 s time resolution using observations of the ther-
mal microwave emission at 21.3 GHz, near a water vapour
line, and at 31.5 GHz, in the water vapour continuum. The
use of the second frequency helps to determine the amount
of cloud liquid water present. Hourly average measurements
were used in the present analysis. The original instrument
was described by Peter and Kämpfer (1992) and details of
the IWV retrieval are given in Ingold and M̈atzler (2000).
The instrument operated outdoors from 1994 to April 2002.
In November 2002, an improved radiometer model was in-
troduced (Morland, 2002) and TROWARA was re-installed
in an indoor laboratory with a microwave transparent win-
dow. This move reduced the diurnal cycle in the internal air
temperature by around 80% and also meant that the instru-
ment was completely sheltered from rain (Morland, 2007).

Measurements of IWV are now possible during light rain
conditions of up to 2.4 mm h−1. However, in order to main-
tain consistency with the old measurements, all observations
made during rain were excluded from the present analysis.
A rain flag was set when integrated liquid water (ILW) ex-
ceeded 0.5 mm or when a rain gauge at Bern measured pre-
cipitation greater than 0. If high ILW or precipitation was de-
tected according to this criterion, the TROWARA data within
a time interval of±15 min were not used for the trend analy-
sis.

Deuber et al. (2005) compared IWV from TROWARA
with coincident measurements of a GPS receiver. The mean
difference TROWARA-GPS was−0.10 mm, and the stan-
dard deviation of TROWARA-GPS was 1.35 mm.

2.2 Radiosonde

The Swiss RadioSonde (SRS400) at Payerne (490 m a.s.l.
and 40 km southwest of Bern) makes twice daily soundings
starting at 11:00 and 23:00 UT. The resistive carbon hygris-
tor used for the humidity measurements was manufactured
by VIZ until 1999 and thereafter by Sippican (Jeannet et al.,
2004). The response time of the humidity sensor strongly
increases at the low temperatures encountered in the middle
to upper troposphere. Furthermore, this sensor is unable to
measure in the dry stratosphere and overestimates water va-
por in dry tropospheric layers (Miloshevich et al., 2006 and
references therein), especially above low level stratus in the
winter (Guerova et al., 2003).

A homogeneity test indicated a major break point in the
midday to midnight IWV in 1995. Minor or secondary break
points remain in the time series due to small changes in the
treatment of the solar radiation error and differences between
batches of hygristors delivered by the manufacturer. To avoid
the major breakpoint, the present trend analysis is restricted
to 1996–2007. However, the TROWARA homogenization is
carried out for 1994–2007.

During a campaign in Payerne (5 November 2003 to
23 February 2004) with collocated instruments, Martin et
al. (2006) found a dry bias of about 0.5 mm for GPS
IWV measurements with respect to the Swiss RadioSonde
(SRS400). On the other hand, the mean difference between
radiometric and radiosonde IWV was less than 0.15 mm.

2.3 Sun photometer

A sun photometer (SPM) was operated at Bern from 1993 to
2007. It tracked the sun and measured direct sunlight along
the view direction in 18 different channels including one cen-
tred on the 946 nm water vapour absorption line. The water
vapour transmittance can be determined after first account-
ing for aerosol effects. The transmittance is then converted
into IWV using a method based on radiative transfer mod-
elling (Ingold et al., 2000). For this study, hourly average
data were used. The SPM is an accurate method but sam-
pling is limited to daytime and clear skies. This introduces a
negative fair weather bias in the IWV data, since cloudy con-
ditions are often associated with higher IWV values. Nyeki
et al. (2005) found a small dry bias of 0.4 mm of a preci-
sion filter radiometer (sun photometer) with respect to a GPS
receiver at Davos in Switzerland.

2.4 GPS

Zenith Total Delay (ZTD) data for the fixed GPS receiver
at Bern were obtained from Swisstopo for the period from
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November 2000. The IWV calculation followed the method
described in Bevis et al. (1992). The Zenith Hydrostatic
Delay (ZHD) due to dry gases in the atmosphere was esti-
mated from pressure measurements. The Zenith Wet Delay,
which is the delay due to water vapour, was calculated as
ZWD = ZTD− ZHD. The ZWD can be converted to IWV
using a relationship which uses the water vapour weighted
mean atmospheric temperature,Tm. This quantity was es-
timated from surface temperature measurements. The stan-
dard deviation of IWV from colocated GPS receivers ranges
from 0.4 to 0.7 mm (Vey et al., 2009). The accuracy or the
systematic bias depends on the individual GPS station, the
GPS IWV retrieval, and other factors. Wang et al. (2008)
found a mean difference of matched radiosondes RS92 mi-
nus GPS receivers of about−1 mm (for IWV range: 0–
25 mm). Morland et al. (2006a) compared coincident mea-
surements of a precision filter radiometer (PFR) and a GPS
receiver at Jungfraujoch and got a mean difference PFR-GPS
of −1.4 mm. Morland et al. (2006b) found mean differences
PFR-GPS from−0.8 to −1.8 mm for intercomparisons at
Locarno, Payerne, and Davos. It remains an open question
which measurement technique comes closer to the true IWV.

2.5 ECMWF

Profiles at 00:00, 06:00, 12:00 and 18:00 UT were extracted
from the ECMWF operational analysis for the grid point
closest to Bern (7.87◦ E, 47.25◦ N) for 1996–2007. IWV
was calculated by integrating the data from 850 to 200 mb.
The 850 mb level was chosen as a starting point because it is
the lowest level for which no data gaps occur. This pres-
sure is lower than the average annual pressure at Bern of
952 mb because the presence of nearby mountains increases
the model topography. Actually it would be better to use
ERA-40 data instead of ECMWF operational analysis, but
ERA-40 data stopped in 2002. The trends for Switzerland
calculated from the ECMWF operational analysis are in good
agreement with IWV trends from NCEP reanalysis (Kistler
et al., 2001) which we calculated as a control (not shown
here). NCEP-NCAR are the National Centers for Environ-
mental Prediction and the National Center for Atmospheric
Research of the United States. The agreement of ECMWF
operational analysis and NCEP-NCAR reanalysis shows that
the IWV data are mainly driven by observations from the
dense European radiosonde network.

3 Homogenisation of TROWARA data

Ingold and M̈atzler (2000) noted a mean IWV bias of
+2.1 mm in TROWARA data relative to the Payerne ra-
diosonde from 1995–1998. This was resolved in the year
2000 when an amplifier in the radiometer was replaced.
A problem with the 31 GHz hot load voltage measurement
(see Sect. 3.2) occurred when the instrument was moved to

Fig. 1. The bias in TROWARA relative to Payerne radiosonde, Bern
SPM and Bern GPS is plotted for five different homogeneous peri-
ods. The crosses show the changepoints detected by MLR (Multiple
Linear Regression) and SNHT (Standard Normalization Homoge-
nization Technique) near the beginning or end of each period. The
dashed line shows the magnitude of the average correction calcu-
lated for P1A, P1B and P3.

the Netherlands for a field campaign in July 2001. This was
recognized and the problem was solved on 4 February 2002.

The effect of these instrument problems on the measure-
ments is illustrated in Fig. 1 which shows the mean bias
in TROWARA relative to Payerne radiosonde, SPM and
GPS averaged over five different periods. Matching hourly
average values were used to calculate the bias between
TROWARA and other instruments. From 4 February 2002
onwards (P4), the bias between TROWARA and other instru-
ments is within±0.7 mm, which is acceptable given the fact
that the accuracy of the GPS is around 0.7 mm (Hagemann
et al., 2003). The SPM tends to have a fair-weather negative
bias, leading to a positive bias of 0.4 mm in TROWARA rel-
ative to SPM, because of cases where clouds prevented the
SPM from observing during the whole of the hourly averag-
ing period.

The first instrument problem is evident in P1B (April 1995
to August 2000) when TROWARA data had a bias of 1.9 and
3.0 mm, relative to SPM and radiosonde, respectively. After
the amplifier replacement, the instrument seemed to function
well for a brief period P2 (March to July 2001) when the bias
lay between 0.2 and 0.8 mm. Measurements in Bern were
interrupted by a field campaign and when the instrument re-
turned in October 2001, the hot load voltage was frequently
saturated. Despite removing all data for which the hot load
voltage had actually reached 5 V (saturation), an average
TROWARA bias of−0.6 to−1.6 mm occurred in period P3
(October 2001 to 4 February 2002). This can be explained by
the fact that the voltage cannot be accurately measured close
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to detector saturation, and is frequently under-estimated.
It is clear from Fig. 1 that the effects of a strong pos-

itive bias early in the series, followed by a negative bias
in the middle will cause an error in any trend analysis ap-
plied to the original dataset. Given the scarcity of indepen-
dent IWV observations stretching back more than ten years,
it is worthwhile using homogenisation techniques to correct
the TROWARA data. These are statistical techniques which
were developed to deal with inhomogeneities in other climate
data, principally precipitation and temperature observations.
Abrupt changes in a time series of meteorological observa-
tions can be caused by either instrument problems or the
removal of the instrument to a different site. Homogenisa-
tion techniques were developed to avoid losing large amounts
of data which are potentially valuable for climatic analysis.
In general, the instrument time series is compared to one or
more reference series which should be in the same climatic
region. If the reference series is well chosen, it should show
the same climatic variations as the instrument series, and any
differences will be due to artificial factors.

The Multiple Linear Regression (MLR) technique from
Vincent (1998) and the Standard Normalization Homog-
enization Technique (SNHT) from Alexandersson (1986)
were used to compare TROWARA IWV averaged over 5 day
periods with three different reference series. The Payerne
radiosonde was the only alternative source of tropospheric
IWV. For intercomparison with IWV from TROWARA, the
Payerne radiosonde profile was utilized from the altitude of
TROWARA (575 m a.s.l.) up to the 200 hPa-pressure level
(mean tropopause level:∼210 hPa). As stratospheric IWV is
about 0.02 mm, i.e. about 0.15% of the mean IWV at Payerne
and a value much smaller than the uncertainty of the series
of the Payerne radiosondes, taking into account the strato-
spheric IWV would hardly have an influence on the present
trend study. Monitoring of stratospheric humidity was started
around 2005 in Bern. Future IWV trend studies of Payerne
radiosondes could be refined by taking stratospheric IWV
from the ground-based microwave radiometer MIAWARA at
Bern (Haefele et al., 2008).

Reference series were created by calculating the IWV
in the atmospheric layer between the pairs of weather
stations Bern Liebefeld (556 m a.s.l.) and Bern Bantiger
(1060 m a.s.l.), and Neuchâtel (485 m a.s.l.) and Zimmer-
wald (907 m a.s.l.). The Zimmerwald station is maintained
by the Astronomical Institute at the University of Bern and
the other data came from the MeteoSwiss networks. These
stations are near to the TROWARA site, and we derived rep-
resentative time series of lower tropospheric IWV from the
hygrometer station data. M̈atzler et al. (2002) found a strong
correlation between IWV and the partial IWV column of
the first 500 m from ground. The correlation coefficientr

was about 0.9. Thus, lower tropospheric IWV derived from
nearby weather station pairs is well suited for the homogeni-
sation of the TROWARA data set.

The yearly mean IWV values for these layers are
2.5 and 3.0 mm for Bern Liebefeld/Bern Bantiger and
Neucĥatel/Zimmerwald, respectively, which is around 20%
of the TROWARA yearly mean IWV of 14.5 mm. The co-
efficient of determinationr2 is the square of the correla-
tion coefficientr. The r2 value between TROWARA five
day average IWV and that calculated between weather sta-
tion pairs is 0.86, i.e. 86% of the TROWARA IWV variance
can be explained by the weather station pairs. Ther2 value
for the correlation between TROWARA and radiosonde five-
day average IWV is 0.89. Although the IWV calculated be-
tween the weather stations covers only the lowest 50 mb or
so of the atmosphere, the correlation between these data and
TROWARA over a 5 day averaging period is not a great deal
less than the correlation between TROWARA and radiosonde
IWV.

Super-imposed on Fig. 1 are the magnitudes of the sig-
nificant changepoints found by the MLR and SNHT tech-
niques. When the whole series was examined, the SNHT
and MLR found significant negative changepoints in August
2000 and March 2001, respectively, which corresponded to
the last measurements made before and the first measure-
ments made after the replacement of the faulty amplifier. The
series was then broken down into two sections before and af-
ter this break and retested.

When the first section was tested (January 1994 to Au-
gust 2000), the SNHT and MLR found changepoints in April
1994 and April 1995, respectively, which corresponded to the
measurements directly before and directly after a break in ob-
servations which lasted almost a year. Unfortunately, it was
not possible to determine what instrument changes occurred
in this period. However, it was assumed that they led to the
amplifier problem which caused the positive bias during P1B.
The first period of measurements, from January to April 1994
will be referred to as P1A. During this time, TROWARA had
a negative bias of up to−0.7 mm.

The latter section of the data was dominated by a sudden
negative bias in TROWARA relative to all other instruments
due to the saturated hot load voltage. The SNHT detected a
changepoint in June 2001, and the MLR estimated the time
of the change more correctly to be October 2001, which was
the time when TROWARA resumed measurements in Bern
after the field campaign. The data from October 2001 to De-
cember 2007 were tested with both techniques. The SNHT
failed to detect the expected positive changepoint at the end
of the period affected by saturated hot load voltages. This
was probably because the 31 GHz atmospheric temperature
was lower and close to the cold load brightness temperature,
which would lead to little change in the IWV (see Sect. 3.2).
However, the MLR did detect a significant positive change at
the end of January 2001 of magnitude+0.6 mm.
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3.1 Correction of amplifier problem

Unfortunately the only information we have about
TROWARA in the early years is that the original amplifier at
21 GHz was replaced during a break in measurements which
lasted from late August 2000 to March 2001. An earlier
break in measurements occurred from May 1994 to April
1995, but there is no record of what work was carried out on
the instrument. Whatever repairs or improvements occurred,
they must have affected the measurements, as indicated by
Fig. 1 which shows a negative bias in TROWARA relative to
other instruments in P1A and a positive bias in P1B.

The bias in TROWARA IWV relative to the sonde was
plotted against TROWARA IWV for the time period P1B,
and a negligible slope of 0.0017 mm/y was found. It was
therefore concluded that a constant correction was appropri-
ate. This correction was calculated from the changes in bias
relative to sun photometer and radiosonde at the end of P1B,
1bSPMend and1bsondeend, as well as the MLR and SNHT
changepoints at the end of P1B,1MLRend and1SNHTend.
The change in bias and the changepoints at the start of P1B
could not be used because they included the effect of the neg-
ative bias in P1A. The corrected IWV in P1B, IWVCORP1B,
was calculated from the original IWV measurements in P1B,
IWVORIGP1B, as follows:

Dstart = 0.25(1bSPMstart+ 1bsondestart+ ...

... + 1MLRstart+ 1SNHTstart)

Dend = 0.25(1bSPMend+ 1bsondeend+ ...

... + 1MLRend+ 1SNHTend)

IWVCORP1B= IWVORIGP1B+ Dend

= IWVORIGP1B− 2.2 mm (1)

The correction for P1A was calculated as the difference
between the mean changeDstart at the start of P1B and the
mean changeDend at the end, as follows:

IWVCORP1A= IWVORIGP1A+ Dstart− Dend

= IWVORIGP1A+ 0.9 mm. (2)

3.2 Correction of saturated hot-load problem

An underestimate of IWV is what would be expected from
the saturated hot load voltage problem. In order to calibrate
the measurements, TROWARA measures a hot and cold load
calibration target after every sky measurement. Each calibra-
tion cycle lasts just under two seconds. The antenna bright-
ness temperature, BTant, can be calculated as follows:

BTant = Thot +
Vant − Vhot

Vhot − Vcold
(Thot − Tcold) (3)

BTant is later corrected to the true sky brightness temper-
ature using a tipping calibration.Vant, Vhot andVcold are the
antenna, hot and cold load voltages, respectively, andThot
andTcold are the physical temperatures of the cold (24 K)
and hot (312 K) loads. A partial derivative with respect to
Vhot leads to:

∂BTant

∂Vhot
=

Vcold − Vant

(Vhot − Vcold)2
(Thot − Tcold) (4)

If Vant is equal toVcold then a change inVhot will have no
effect on BTant, all other things being equal. However, ifVant
is greater thanVcold, as was often the case since a vacuum
cold load cooled to 24 K was used, then BTant will increase
as the voltage decreases. The opposite is true ifVant is less
than Vcold. In other words, if we assume that the voltage
is 5 V (maximum range) when it was in fact higher, then an
artificial decrease inVhot is imposed which leads, under most
sky conditions, to an artificial increase in BTant. The IWV
was calculated from the linearised brightness temperatures
(Wu, 1979) as follows:

IWV = −0.5059+ 0.4837· BTlin21 − 0.2151· BTlin31 (5)

where BTlin21 and BTlin31 are the calibrated 21 and 31 GHz
linearised brightness temperatures in Kelvin. The equation
comes from calculating IWV and linearised brightness tem-
peratures from Payerne radiosonde data and then regressing
the IWV against the simulated brightness temperatures. The
constant−0.5059 in equation 5 was derived by means of a in-
tercomparison of coincident TROWARA and GPS measure-
ments (Rohrbach, 1999). Equation (5) indicates that an ar-
tificial increase in BT31 leads, under most atmospheric con-
ditions, to an artificial decrease in IWV as is confirmed in
Fig. 1.

The above theoretical analysis shows that we can expect a
negative bias in IWV due to the saturated hot load problem,
except in very cold atmospheric conditions when a positive
bias will occur. It also indicates that the bias will be depen-
dent on the IWV amount. A plot of the TROWARA bias rel-
ative to radiosonde and GPS data against IWV showed that
the bias did indeed become increasingly negative with in-
creasing IWV amount. From the best fit linear regression of
TROWARA bias against IWV the following correction was
estimated:

IWVCORP3= −2.23+ 1.3967· IWVORIGP3 (6)

where IWVCORP3 is the corrected TROWARA IWV in mm
for period P3, and IWVORIGP3 is the original TROWARA
observation in mm.

The corrections for P1A, P1B and P3 were applied to the
TROWARA data. In order to confirm their validity, the ho-
mogenised dataset was compared with simultaneous sonde,
SPM and GPS measurements for the period 1994–2007. The
average bias in the corrected TROWARA data was+0.4,
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Fig. 2. IWV monthly climatologies from 1996 to 2007 from
TROWARA, Payerne radiosonde integrated from 570 m, ECMWF
integrated between 850–200 mb, Bern SPM and Bern GPS.

+0.3 and−0.6 mm for radiosonde, SPM and GPS, respec-
tively. These small biases confirm the success of the ho-
mogenisation and indicate that the dataset is now ready for
climatological studies and trend analysis, which will be de-
scribed in the next two sections. It is emphasised that the
bias between TROWARA and GPS was calculated for rain-
free conditions.

4 Climatology

4.1 Monthly climatology

Figure 2 shows a comparison between the TROWARA
1996–2007 monthly climatology and that of the Payerne ra-
diosonde integrated from the altitude of Bern. Also shown
are IWV climatologies for the Bern GPS and SPM as well as
for ECMWF data for the closest gridpoint to Bern, integrated
from 850–200 mb. The average IWV of the homogenised
TROWARA time series was 14.4 mm over the 1996–2007
period. Maximum and minimum monthly average values of
22.4 mm and 8 mm occurred in August and January, respec-
tively.

TROWARA has a negative bias in every month relative to
the co-located GPS instrument. This ranges from−0.6 mm
(February) to−2.1 mm (July) and is on average−1.4 mm.
This value is considerably larger than the bias of−0.6 mm
reported in Sect. 3.2 for the comparison between TROWARA
and GPS matching hourly averages, i.e. non-raining con-
ditions. The differences are due to the fact that the GPS
monthly mean includes periods when the GPS made observa-
tions and TROWARA did not. This usually occurred during
rainy periods since the TROWARA data shown here are re-

stricted to rain-free conditions. The highest IWV values are
likely to occur during rainy conditions when the atmosphere
is close to saturation. This can be checked by examining the
annual mean IWV for TROWARA data for 2003 to 2007.
The value in non-raining conditions was 14.3 mm. However,
when measurements made in light rain conditions the annual
mean was 14.6 mm, with differences of up to 1.2 mm occur-
ring between the datasets for individual months. Therefore
the additional bias of−0.8 mm in the TROWARA monthly
means relative to GPS may be due to the sampling differ-
ences between a dataset which excludes rainy conditions and
one which includes measurements made even during heavy
precipitation. The maximum precipitation in Bern occurs
in June and the minimum in March, which is close to the
months (July and February) when the largest and smallest
TROWARA bias relative to GPS occurs.

TROWARA has a slight positive bias relative to the sonde
(0.4 to 1.0 mm) in June and July, but otherwise has a neg-
ative bias ranging from−0.1 to −0.9 mm. The largest
negative biases occur in December and January which is
not surprising given the fact that the radiosonde has a ten-
dency to overestimate IWV over low stratus in the win-
ter. The mean TROWARA bias relative to the radiosonde
is −0.3 mm, whereas a slight positive bias was seen in the
matching hourly measurements in Sect. 3.2. The negative
TROWARA bias in the monthly means is probably related to
the fact that these include rainy periods when the radiosonde
makes a measurement and TROWARA does not.

TROWARA has a positive bias of between 1.8 (Jan-
uary) and 4.1 mm (June) relative to the co-located SPM.
The monthly mean comparison gives quite different re-
sults from the comparison between matching hourly average
TROWARA and SPM data described in Sect. 3 where the
TROWARA bias was just 0.3 mm. This is because the SPM
operates only in sunny, daylight conditions and therefore
grossly undersamples the number of potential weather situa-
tions in a given month. The percentage bias in TROWARA
relative to SPM has an average value of 19%, and is lowest
in September (12%) and highest in January (24%).

The sampling differences between the various measuring
techniques can be better visualised with a histogram plot as
shown in Fig. 3. The histograms are plotted as a percent-
age of the total number of measurements in each 1 mm bin
in order to allow better comparison between different instru-
ment types. For all instruments, IWV values between 1 to
2 mm have a frequency of less than 0.5%, but values of 4 to
5 mm occur around 3 to 4% of the time. For the IWV range
between 5 and 19 mm, all instruments show a frequency be-
tween 4 and 6%, with TROWARA and radiosonde showing
a peak frequency between 8 and 10 mm. The GPS distri-
bution function tends to be more of a plateau shape, whilst
the SPM shows double peaks at 5 and 16 mm. The SPM
makes 71% of its measurements in the 5 to 19 mm range, as
opposed to the GPS which makes only 62% of its measure-
ments in this range. At higher IWV values, the influence of
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Fig. 3. Histograms plotted for all available hourly average
TROWARA, GPS, Radiosonde and SPM measurements for the pe-
riod 1996 to 2007. The radiosonde is integrated from the altitude of
Bern.

the different sampling methods is evident. The GPS mea-
sures IWV values of 26 mm and above 11.6% of the time
because it can measure in heavy rain conditions. However,
IWV measurements in this range are recorded only 2.3% of
the time by the SPM due to the restriction that it measures
only in fair weather conditions. TROWARA and radiosonde
measure IWV values above 26 mm around 7% of the time.
There is a large divergence in the maximum IWV with val-
ues of 32.2, 39.5, 43.5 and 43.8 mm being recorded by SPM,
radiosonde, TROWARA and GPS, respectively.

TROWARA has a positive bias relative to the ECMWF
data (Fig.2), but this is expected since these data are in-
tegrated from an altitude of 850 mb, whereas the mean an-
nual pressure in Bern is around 100 mb higher. The posi-
tive TROWARA bias varies between 2.5 and 8 mm depend-
ing on the time of year. However, it is always between 30 and
38% of the TROWARA IWV, with an average of 33%. Thus
around one third of the atmospheric water vapour over Bern
is to be found in the first 100 mb of pressure decrease. From
the comparison between reference series and TROWARA
in Sect. 3, we know that 20% of the total IWV lies in the
layer between Neuchatel (average annual pressure 961 mb)
and Zimmerwald (average annual pressure 913 mb). There-
fore about 20% of the IWV lies in the first 50 mb of pressure
decrease.

4.2 Diurnal cycle of IWV

Because IWV has rapid time variations related to the syn-
optic weather situation, it is difficult to observe any diurnal
cycle on a particular day. However, a diurnal cycle may

be detectable over a longer period of time. In this section,
emphasis will be given to comparing the diurnal cycle of
the TROWARA and GPS IWV. For the calculation of IWV
from GPS Zenith Wet Delay, an estimate of the water vapour
weighted mean atmospheric temperature,Tm, is required.
The standard formula for estimatingTm from surface air tem-
perature was developed by Bevis et al. (1992), and takes no
account of the fact that the surface temperature has a much
higher diurnal cycle amplitude than temperatures higher in
the atmosphere. Wang et al. (2005) usedTm estimated from
ERA-40 reanalysis data and from the National Centers for
Environmental Prediction and the National Center for Atmo-
spheric Research (NCEP-NCAR) global reanalysis products
to evaluate the suitability of using surface air temperature,
Ts , to estimateTm. They concluded that the large diurnal
cycle inTs led to a dry bias inTm at night and in the early
morning and a consequent dry bias in the GPS IWV during
these times. In the case of Bern, the diurnal cycle ofTs has
an amplitude of 3.5 K, whereas the amplitude ofTm in cen-
tral Europe calculated by Wang et al. (2005) from ERA-40
data lies between 0.5 and 1 K.

For comparison with TROWARA, GPS IWV was calcu-
lated fromTs using the observed diurnal cycle, a damped
diurnal cycle and no diurnal cycle. The surface air temper-
ature with a damped diurnal cycle,Tsdamped, was defined as
follows:

Tsdamped= 0.25Ts + 0.75Ts (7)

whereTs is the daily mean surface air temperature. This for-
mula gave an average diurnal-cycle amplitude of 0.9 K for
the years 2002 to 2007.

Figure 4 shows the average hourly IWV for the period
2003 to 2007. Only data acquired since 2003 were consid-
ered because before then TROWARA had stood outdoors,
and the daytime heating and night-time cooling inside the
radiometer may have had an influence on the diurnal cycle
of IWV. Another reason is that the GPS is only available
from 2001 onwards. Also shown is the ECMWF hourly av-
erage IWV for 00:00, 06:00, 12:00 and 24:00 UT, and the
radiosonde average IWV for 00:00 and 12:00 UT. For eas-
ier comparison, the ECMWF, GPS and radiosonde data are
plotted minus a constant daily average bias with respect to
TROWARA data. This bias was−4.9, 1.3 and 0.3 mm for
ECWMF, GPS and radiosonde, respectively.

The first point of interest is that although a diurnal cycle
in IWV exists, it is very small with an amplitude of 0.32 mm.
The ECMWF data have a slightly larger diurnal amplitude
than TROWARA (0.39 as opposed to 0.32 mm) and seem to
be consistent as to the position of the minimum and max-
imum. TROWARA shows a minimum at 11:00 UT, with a
broad dip between 09:00 and 12:00 UT, and peak values oc-
curring between 19:00 and 21:00 UT. These are close to the
ECMWF minimum and maximum at 12:00 and 18:00 UT.
The ECMWF data can, of course, only give a limited picture
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Fig. 4. Comparison of IWV diurnal climatologies for 2003 to 2007.
For easier comparison, the sonde, ECMWF and GPS data are plot-
ted less an average bias between these data and the TROWARA
data. The GPS data are calculated using a full diurnal cycle, no
diurnal cycle and a damped diurnal cycle in surface air temperature.

of the diurnal cycle because of the poor temporal resolution.
Interestingly, Wang et al. (2005) find a consistent maximum
at 18:00 UT for the water vapour weighted mean atmospheric
temperature over central Europe using both NCEP-NCAR
and ECMWF ERA-40 reanalysis data.

The radiosonde data are only twice daily and therefore
give no detailed picture of the diurnal cycle. The minimum of
the radiosonde IWV occurs at 11:00 UT, in agreement with
TROWARA. The radiosonde IWV has a diurnal cycle am-
plitude of 0.73 mm which is about twice as large as that of
TROWARA or ECMWF. Guerova et al. (2005) observed a
stronger negative bias in Payerne radiosonde measurements
relative to co-located GPS in the daytime than at night. Mor-
land and M̈atzler (2007) observed a stronger negative bias in
Payerne radiosonde IWV relative to GPS in summer than in
any other season. Both of these effects were attributed to an
error caused by solar radiation. The large IWV diurnal cycle
observed in the radiosonde is possibly related to this error.

The GPS shows a diurnal cycle amplitude of 0.32 mm, in
agreement with TROWARA. It also gives a detailed picture
of the shape of the diurnal cycle, which clearly differs de-
pending on how the surface air temperature is treated for
the conversion between Zenith Wet Delay and IWV. IfTs

is used without any damping of the diurnal cycle, the GPS
minimum and maximum occur around two hours earlier than
TROWARA data. A negative bias in GPS (Ts undamped)
IWV can be observed in Fig. 4 during the night and early
morning (21:00 UT to 08:00 UT), in agreement with the find-
ings of Wang et al. (2005). It is complimented by a pos-
itive bias in GPS (Ts undamped) IWV between 11:00 and
17:00 UT, which is almost certainly due to an unrealistically

high estimate ofTm from the undampedTs . Damping or re-
moving the diurnal cycle ofTs shifts the GPS diurnal cy-
cle to the right by one to two hours so that GPS values lie
closer to TROWARA values. The absolute difference be-
tween the TROWARA and GPS diurnal cycle is 0.1 mm for
the undampedTs , and this reduces to 0.03 and 0.04 mm, re-
spectively, for totally and partially damped diurnal cycles in
Ts .

Dai et al. (2002) examined the diurnal cycle of GPS data
from 54 North American stations for 1996 to 2000 and found
an amplitude of 1 to 1.8 mm in the summer and less than
0.8 mm in other seasons. Güldner and Sp̈ankuch (1999) anal-
ysed the diurnal cycle of 2 years of radiometer data from
Potsdam in Germany and also found a higher diurnal cycle
amplitude in summer (around 1.5 mm) than in winter (around
0.5 mm). The summer values reported in these studies are
substantially higher than the yearly values for Bern presented
here, although the values for other seasons are more similar.

The peak in the IWV diurnal cycle occurs about 6 h
later than the maximum daily temperature at Bern, which
is reached at around 14:00 UT. The increase in IWV in the
daytime must be related to daytime evaporation and the de-
crease at night to condensation of water vapour from the
atmosphere. It would be interesting to check whether the
amount of dew deposited on grass on a clear night corre-
sponded to the amplitude of the diurnal cycle.

We should mention that the diurnal amplitude of IWV was
modulated in time. Long intervals with rather weak ampli-
tudes alternated with intervals of unexpected strong ampli-
tudes. A separate study would reveal short-term variability
and seasonal change of the diurnal cycle of IWV.

5 Trend analysis

A trend analysis was carried out on the homogenised
TROWARA data using both least squares analysis (LSA)
and the seasonal Mann Kendall (MK) technique (Hirsch and
Slack, 1984). Both of these methods were applied by Col-
laud Coen et al. (2007) to 10.5 years of aerosol data from the
high alpine site Jungfraujoch.

5.1 Least squares analysis

Since most trend studies avoid a detailed description of the
LSA, it makes sense to present the matrix formulation of the
LSA which we utilize for a decomposition of the IWV series
into a constant term, a linear trend, and a seasonal term repre-
sented by a series of cosine and sine harmonics. The matrix
formulation is valuable for a simple programming and under-
standing of the LSA.

The annual, semi-annual and ter-annual cosine and sine
waves are sufficient for our purpose, since the main goal is
the derivation of the linear trend.
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According to the addition theorem,a cosωt + b sinωt is
equal to the cosine waveA cos(ωt − ϕ) with ϕ = atan(b, a)

andA =
√

a2 + b2. The expressiona cosωt+b sinωt is bet-
ter thanA cos(ωt − ϕ) for building a linear equation system.
After the LSA, amplitudes and phases of the annual harmon-
ics could be calculated with the addition theorem as well as
their errors.

The IWV series are represented by the column vector
IWV . The solution vectorX contains the unknown fit
parameters of the basis functions. The basis functions are
the columns of the design matrixA (Press et al., 1992). The
noise vectorN can be determined as soon asX has been
estimated. The measurement times of the IWV series are at
ti with i = 1, ..., n. The frequencies areωi = 2πi/(1 y)
with i = 1, 2, 3 for the annual, semi-annual, and ter-annual
oscillations respectively. The matrix formulation of the
problem is as follows:

IWV =


IWV (t1)

IWV (t2)

IWV (t3)

...

IWV (tn)

 ; X =


x1
x2
x3
...

x8

 ; N =


n(t1)

n(t2)

n(t3)

...

n(tn)



A =


1 t1 cosω1t1 sinω1t1 cosω2t1 sinω2t1 cosω3t1 sinω3t1
1 t2 cosω1t2 sinω1t2 cosω2t2 sinω2t2 cosω3t2 sinω3t2
1 t3 cosω1t3 sinω1t3 cosω2t3 sinω2t3 cosω3t3 sinω3t3
...

...
...

...
...

...
...

...

1 tn cosω1tn sinω1tn cosω2tn sinω2tn cosω3tn sinω3tn



IWV = A · X + N (8)

The sum of the squares of the noisen(ti) is minimized
whenX is estimated as follows :

IWV .
= A · X (9)

X = (A′
· A)−1

· A′
· IWV . (10)

Using a mathematical programming language, it is easy to
transpose (A′) and to invert the quadratic matrix ((A′

· A)−1).
The solution vectorX provides the constantx1, the linear
trend (inclinationx2 of the straight linex2t), and the ampli-
tudesxi, xi+1 for i = 3, 5, 7 of the cosine and sine waves
of the annual, semi-annual and ter-annual variations. Ac-
cording to equation (15.4.15) in Press et al. (1992), the vari-
anceσ 2(xi) of the the fit parameterxi can be derived by
means of the i-th diagonal element of the matrix(A′

· A)−1

for i = 1, 2, 3, ...8.

Following Weatherhead (2000), the LSA has been per-
formed for the monthly mean series of IWV. In order to avoid
unrepresentative values due to the gaps in the TROWARA
data, a monthly mean was only calculated if measurements
were available on at least 8 distinct days. The homog-
enized TROWARA dataset for the period since the start

Fig. 5. TROWARA homogenized observations for 1994–2007 with
a model of the seasonal cycle (red line) and trend estimate (green
line). The grey dots show the hourly average observations and the
crosses show the monthly average values.

of TROWARA measurements (1994–2007) is presented to-
gether with the LSA trend estimate in Fig. 5. It shows that
TROWARA has measured continuously during the five years
from 2003 to end 2007. There is also a fairly continuous pe-
riod from 1996 through to 1998. However, Fig. 5 also shows
the gaps which occurred due to a field campaign (summer
2001), and repairs and upgrades made on the instrument (lat-
ter half of 1994, spring 1999 to spring 2000, latter half of
2002). The LSA trend estimate is 0.061±0.048 mm/y. This
represents an increase of around 4% per decade.

Figure 6 shows a comparison of the trend results in mm/y
for the shorter period 1996–2007 which avoids the main ra-
diosonde inhomogeneity. The LSA trends are calculated for
all times, as well as midday or midnight measurements. The
TROWARA data were averaged from 11:00 to 13:00 UT and
23:00 to 01:00 UT, respectively, in order to best match the
radiosonde measurement times. The radiosonde profiles are
integrated from the surface to 200 mb, RS (s-200), for com-
parison with TROWARA and from 850 to 200 mb, RS (850–
200), for comparison with ECMWF. The numerical values of
the trends according to Fig. 6 are listed in Table 1.

It is generally accepted that a trend is at least significant
at the 90% and 95% levels if the trend divided by the stan-
dard error equals or exceeds 1.65 and 1.96, respectively. The
significance indicates the confidence with which a change in
the measurements can be distinguished from natural vari-
ability or measurement noise, but it does not give infor-
mation on whether long-term changes can be distinguished
from periodic oscillations in the climate system. The RS
(s-200) and (850–200) midnight trends of 0.087±0.046 and
0.056±0.032 mm/y are significant at the 90% level. The
TROWARA midday trend (0.098±0.061 mm/y) and RS (s-
200) trend (0.068±0.043 mm/y) for all observations are sig-
nificant at the 89% level.
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Fig. 6. Yearly trends in IWV in mm calculated for the 1996–2007
period. The error bars show the standard error and the large circles
indicate that a trend is significant at the 90% level. The datasets are
plotted with a slight offset along the x-axis so that error bars can be
distinguished.

Table 1. Intercomparison of IWV trends [mm/y] for the time
interval 1996–2007 for TROWARA radiometer at Bern, Payerne
radiosonde from surface to 200 hPa pressure level (RS(s-200)),
ECMWF operational analysis from 850 to 200 hPa, and Payerne
radiosonde from 850 to 200 hPa pressure level (RS(850-200)). A
diagram of the table is depicted in Fig. 6.

midnight all midday

TROWARA 0.030±0.068 0.056±0.064 0.098±0.061
RS (s-200) 0.087±0.046 0.068±0.043 0.045±0.043
ECMWF 0.045±0.033 0.024±0.032 0.024±0.031
RS (850-200) 0.056±0.032 0.043±0.030 0.030±0.029

The ECMWF trends, although not significant, are some-
what lower than the radiosonde trends, but show the same be-
havior in that midnight trends are larger than midday trends.
TROWARA, which contains more measurement times in the
all day dataset, shows the opposite behavior. The difference
is probably not caused by the radiosonde solar radiation er-
ror, because changes in processing techniques would have
tended to produce a slight increase in the radiosonde day-
time trend and do not explain the large nighttime trend. On
the other hand, the disagreement could be due to the fact that
TROWARA was moved indoors in late 2002. This stabilised
the internal air temperature. It could be that the large di-
urnal changes which occurred in the radiometer air temper-
ature when it was outdoors had a differing effect on mid-
day and midnight data. If the period 2003 to 2007 is anal-
ysed, when the instrument was only operated indoors, then a
nighttime trend of 0.10±0.21 mm/y and a daytime trend of

0.07±0.19 mm/y are calculated. The radiosonde trends for
the same 2003 to 2007 period are 0.29±0.17 mm/y at night-
time and 0.18±0.14 mm/y at daytime. The quite different
trend values for both measuring methods can be attributed to
the short analysed period (5 years) including a particularly
warm summertime during the first year (2003). The night-
time trends of both TROWARA and Payerne radiosondes are
however stronger than the corresponding daytime trends. A
higher nighttime than daytime trend in water vapour is con-
sistent with the fact that minimum surface air temperatures
have increased faster than maximum temperatures in the pe-
riod between 1950 and 2004 (Vose et al., 2005).

An average temperature trend of 0.06±0.05 K/y was
calculated for 1996–2007 using the Basel, Bern, Chau-
mont, Geneva and Z̈urich homogenized temperature se-
ries (Begert et al., 2005). Under the assumption of con-
stant relative humidity, the expected water vapour increase
is 0.36±0.30%/y. In comparison, trends of 0.25±0.34,
0.39±0.44 and 0.45±0.29%/y were calculated for ECMWF,
TROWARA and RS (s-200) IWV. The results are consis-
tent with the change predicted by the surface temperature in-
crease, but a longer time period is required for statistically
significant results and to determine the cause of the water
vapour increase.

Calculating the TROWARA trends over the longer
period 1994–2007, produces a slightly larger trend of
0.43±0.33%/y. Adding the first ten months of 2008 to the
1996–2007 series produces a similar trend of 0.41±0.37%/y.
From this it can be concluded that the TROWARA trends are
not greatly sensitive to the endpoints.

5.2 Mann Kendall analysis

The Mann Kendall (MK) technique allows monthly or sea-
sonal trends to be calculated. It was corrected for autocor-
relation in the data (Hamed and Rao, 1998) and trend mag-
nitude was determined using the Sen’s slope estimator (Sen,
1968). Figure 7 shows the monthly trends calculated using
all observation times. The absolute values are larger than the
LSA trends calculated for the full year because of compen-
sating trends in winter and summer. In December to March,
the trends are close to zero or negative in agreement with
the findings of Nilsson and Elgered (2008). December is
the only winter month with a statistically significant trend
of −0.20±0.14 and−0.36±0.24 mm/y for ECMWF and
TROWARA, respectively, which is equivalent to−3.6±2.5
to −4.3±2.9%/y. Positive trends are seen from April to
October, with the exception of August, which has a nega-
tive trend. July is the only month showing a positive sta-
tistically significant trend for all datasets of 0.19±0.14 to
0.34±0.25 mm/y or +1.2±0.8 to 1.6±1.1%/y.

The negative trend seen in all datasets in August could be
due to the surface moisture drying out and reducing evapora-
tion. This tendency was observed by Guerova and Morland
(2008) in a study of GPS and radiosonde IWV during the
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Fig. 7. Monthly trends for the 1996–2007 period calculated us-
ing the Mann Kendall analysis for all observation times. The large
squares indicate trends which are significant at the 95% level. The
datasets are plotted with a slight offset along the x-axis so that error
bars can be distinguished.

summer 2003 heatwave. However, an analysis of the time
series of precipitation in Switzerland revealed an increase
of precipitation in August, particularly during the last three
years from 2005 to 2007. Since precipitation is a sink for at-
mospheric water vapour, the positive trend of precipitation in
August may induce the negative trend of IWV in August. A
combined trend analysis of IWV, precipitation, and surface
moisture could reveal persistent changes of the water cycle,
but this is beyond the scope of the present study.

The trend directions are in agreement for every month ex-
cept November for which the trends are not significant for
any dataset. In September, TROWARA shows a stronger
positive trend than the other datasets and in December to
March a stronger negative trend. To test whether this was due
to the gaps in the TROWARA dataset, a trend analysis was
carried out on the radiosonde data for only the months dur-
ing which a TROWARA monthly mean was also available.
The RS (s-200) trends calculated using the masked dataset
were closer to the TROWARA trends for March and Septem-
ber, but did not greatly differ from the unmasked dataset for
December to February. The more negative winter trends for
TROWARA may be due to a real difference between Payerne
and Bern or to an undetected instrumental effect.

When midday or midnight trends are examined with the
MK technique, the same pattern is seen as with the LSA
in that midnight trends are higher than midday trends for
ECMWF and radiosonde, whilst the opposite is true for
TROWARA. The ECMWF and TROWARA trends are on av-
erage 0.02 and 0.06 mm/y lower than radiosonde trends with
standard deviations of 0.03 and 0.17 mm/y, respectively. It is

not surprising that the radiosonde agrees better with ECMWF
than with TROWARA because the Payerne radiosonde data
are assimilated in the operational analysis.

6 Conclusions

Homogenisation techniques, which were originally devel-
oped for temperature and precipitation measurements, were
applied to the TROWARA IWV data. The reference series
were the Payerne radiosonde and IWV calculated for the at-
mospheric layer between weather stations separated by 380
to 420 m altitude. Changepoints due to known instrument
problems were confirmed and an additional break in the se-
ries, associated with a gap in measurements, was identified
for which no instrument information had been recorded. The
original TROWARA time series was corrected with the help
of the changepoint magnitudes identified by the homogenisa-
tion techniques as well as comparison with simultaneous ra-
diosonde, GPS and SPM data. The differences between the
corrected TROWARA data and radiosonde, GPS and SPM
data IWV lay between±0.6 mm.

An analysis of the 1996 to 2007 monthly climatology
of several datasets revealed that sampling differences can
cause significant variation in the monthly means. The SPM,
which is restricted to sunny conditions, has a negative bias
of around 20% IWV compared to TROWARA. On the other
hand the GPS, which can measure in all weather conditions,
has a positive bias of 7 to 17% compared to TROWARA
monthly means. GPS and TROWARA data obtained in
non-raining conditions showed that less than half of this
bias was due to measurement differences between the in-
struments. The remaining bias is attributed to the fact that
only TROWARA data obtained in non-raining conditions
were included in this analysis. Due to its sheltered location,
TROWARA has been able to measure in some, but not all,
light rain conditions since 2003. Care must be taken not to
introduce an artificial positive trend if these data are included
in a future trend analysis.

A diurnal cycle in TROWARA IWV was detected which
had an amplitude of 0.32 mm, a maximum beween 19:00 and
21:00 UT and a minimum at 11:00 UT. A comparison with
GPS data showed that calculating GPS IWV without damp-
ing the diurnal cycle in the surface air temperature produces
an IWV cycle which is shifted one or two hours earlier than
the TROWARA cycle. Damping or removing the diurnal cy-
cle from the surface air temperature used in the GPS Zenith
Total Delay to IWV conversion, leads to a much better match
with the TROWARA diurnal cycle. ECMWF data match the
TROWARA diurnal cycle reasonably well considering that
there are only four datapoints each day. The radiosonde,
however, produces an unreasonably large amplitude in the
IWV diurnal cycle and this was attributed to an underesti-
mate of IWV at midday when the radiosonde is heated by
solar radiation.
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Using least squares analysis, the three datasets showed
consistent positive trends in IWV from 1996 to 2007 (Ta-
ble 1). The Payerne radiosondes (RS s-200) measured an
IWV trend of 0.45±0.29%/y, the TROWARA radiometer ob-
served a trend of 0.39±0.44%/y , and ECMWF operational
analysis gave a trend of 0.25±0.34%/y. Table 1 also con-
tains the trends for midnight and midday observations which
are also positive.

Since IWV has a strong and variable annual cycle, a sea-
sonal trend analysis (Mann-Kendall analysis, Fig. 7) was per-
formed. The seasonal trends are stronger by a factor 10 or
so compared to the full year trends above. The strong sea-
sonal trends of IWV on a regional scale underline the ne-
cessity of long-term monitoring of IWV for detection, un-
derstanding, and forecast of climate change effects in the
Alpine region. The positive IWV trends of the summer
months are partly compensated by the negative trends of the
winter months. All datasets indicated a significant positive
trend in July. TROWARA and ECMWF showed a signifi-
cant negative trend in December. The TROWARA radiome-
ter observed a positive IWV trend of 1.6±1.1%/y in July,
the ECMWF operational analysis indicated an IWV trend of
1.3±0.8%/y, and the Payerne radiosondes (RS s-200) mea-
sured a trend of 1.3±1.8%/y in July. The negative December
trends were:−4.3±2.9%/y for TROWARA,−3.6±2.5%/y
for ECMWF operational analysis, and−1.2±1.2%/y for the
Payerne radiosondes. A curiosity was the negative IWV
trend in August (Fig. 7) which might be due to a positive
precipitation trend in August.

The radiosonde midnight trend was significant at the 90%
level whilst the TROWARA midday trend and radiosonde
trend for all observations were significant at the 89% level.
The seasonal Mann Kendall analysis showed trends of the
same direction for all three datasets for all months except
November, which was not statistically significant.

To detect a trend at the 95% significance level, 13, 15
and 20 full years of data are required for the radiosonde,
TROWARA and ECMWF datasets, respectively, according
to the method of Weatherhead (2000). Establishing the sta-
tistical significance of a trend and determining its cause are
two quite different tasks. Observations over several decades
are necessary to distinguish anthropogenic influences from
decadal oscillations in the climate system. For this reason, it
is very important to continue to collect, quality control and
homogenise water vapour data for climate research.

In addition, there is potential to improve the retrieval of
TROWARA IWV. A new algorithm developed by M̈atzler
and Morland (2009) can better estimate ILW (Integrated Liq-
uid Water). The data from the old algorithm, based on the
work of Wu (1979), are still being saved in order to allow
comparisons between the two products. Based on an analy-
sis of one year of data, the new algorithm has a bias of only
+0.02 mm in IWV relative to the old one, which is promising
for its use in future climate research.
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riving the tropospheric integrated water vapor from tipping
curve-derived opacity near 22 GHz, Radio Sci., 40, RS5011,
doi:10.1029/2004RS003233, 2005.

Guerova, G., Brockmann, E., Quiby, J., Schubiger, F., and
Mätzler, C.: Validation of NWP mesoscale models with Swiss
GPS Network AGNES, J. Appl. Meteorol., 42(1), 141–150,
2003.

Guerova, G., Brockmann, E., Schubiger, F., Morland, J., and
Mätzler C.: An integrated assessment of measured and modeled
integrated water vapor in Switzerland for the period 2001–2003,
J. Appl. Meteorol., 44(7), 1033–1044, 2005.

Guerova, G. and Morland, J.: Water vapour anomaly during
the 2003 summer in Switzerland, AGU Chapman Conference,
Hawaii, USA, 20–24 October, 2008.
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Liljegren, J., Linńe, H., Michalsky, J., Morris, V., Porch, W.,
Richardson, S., Schmid, B., Splitt, M., Van Hove, T., Westwa-
ter, E., and Whiteman, D.: The ARM program’s water vapor in-
tensive observation periods, B. Am. Meteor. Soc., 84(2), 217–
236, 2003.

Rohrbach, A.: Wasserdampfmessungen mit GPS, Master thesis,
Phil.-Nat. Faculty, University of Bern, Bern, Switzerland, 1999.

Ross, R. J. and Elliott, W. P.: Tropospheric water vapor climatology
and trends over North America: 1973–1993, J. Climate, 9, 3561–
3574, 1996.

Ross, R. J. and Elliott, W. P.: Radiosonde-based Northern Hemi-
sphere tropospheric water vapor trends, J. Climate, 14, 1602–
1612, 2001.

Sen, P. K.: Estimates of the regression coefficient based on
Kendall’s tau, J. Am. Statist. Assoc., 63, 1379–1389, 1968.

Trenberth, K. E., Fasullo, J., and Smith, L.: Trends and variability
in column-integrated atmospheric water vapor, Clim. Dynam.,
24(7–8), 741–758, doi:10.1007/s00382–005-0017–4, 2005.

Vey, S., Dietrich R., Fritsche, M., R̈ulke, A., Steigenberger, P. and
Rothacher, M.: On the homogeneity and interpretation of precip-
itable water time series derived from global GPS observations, J.
Geophys. Res., 114, D10101, doi:10.1029/2008JD010415, 2009.

Vincent, L. A.: A technique for the identification of inhomo-
geneities in canadian temperature series, J. Climate, 11, 1094–
1104, 1998.

Vose, R. S., Easterling, D. R., and Gleason, B.: Maximum and min-
imum temperature trends for the globe: An update through 2004,
Geophys. Res. Lett., 32, L23822, doi:10.1029/2005GL024379,
2005.

Wang J. and Zhang, L.: Systematic Errors in Global Radiosonde
Precipitable Water Data from Comparisons with Ground-Based
GPS Measurements, J. Clim., 21, 2218-2238, 2009.

Wang J., Zhang, L., and Dai, A.: Global estimates of
water-vapor-weighted mean temperature of the atmosphere
for GPS applications, J. Geophys. Res., 110, D21101,
doi:10.1029/2005JD006215, 2005.

www.atmos-chem-phys.net/9/5975/2009/ Atmos. Chem. Phys., 9, 5975–5988, 2009

http://www.iap.unibe.ch/publications
http://www.atmos-chem-phys.net/6/2039/2006/


5988 J. Morland et al.: Tropospheric water vapour above Switzerland over the last 12 years

Weatherhead, E. C., Reinsel, G. C., Tiao, G. C., Jackman, C. H.,
Bishop, L., Hollandsworth Frith, S. M., DeLuisi, J., Keller, T.,
Oltmans, S. J., Fleming, E. L., Wuebbles, D. J., Kerr, J. B.,
Miller, A. J., Herman, J., McPeters, R., Nagatani, R. M.,
and Frederick, J. E.: Detecting the recovery of total col-
umn ozone, J. Geophys. Res., 105(D17), 22201–22210,
doi:10.1029/2000JD900063, 2000.

Wu, S. C.: Optimum frequencies of passive microwave radiometer
for tropospheric path length correction, IEEE T. Ant. Prop., AP-
27, 233–239, 1979.

Atmos. Chem. Phys., 9, 5975–5988, 2009 www.atmos-chem-phys.net/9/5975/2009/


	1

